A series of solid acid catalyst of the Keggin-type 12-phosphotungstic acid, H 3 PW 12 O 40 , supported on ordered mesoporous silica MCM-41 were prepared by a simple and effective impregnation method. MCM-41 supports were synthesized in a relatively short time via a recently reported ultrasonic irradiation method. The synthesis sonication time has been systematically varied in order to investigate its influence on the structural order of the resulting materials. The prepared catalysts were characterized by nitrogen adsorption, X-ray diffraction, Raman spectroscopy and thermogravimetric analysis. The resulting materials exhibited hexagonally ordered meso structure, with high surface area of the order of several hundreds of m 2 g -1 ,relatively large pore volumes, with the pore diameter in the range of 2.19 to 2.41 nm and a corresponding pore wall thickness of over 1.67nm. The results have demonstrated that high quality MCM-41 materials can be synthesized via the ultrasonic irradiation in few tens of minutes, much shorter than the conventional synthesis methods. Despite their relatively high loading, all synthesized materials retained the characteristic MCM-41mesoporous structure after impregnation of the heteropolyacid active phase onto the inner pore surface, without crystallization, but preserving the Keggin structure as confirmed by Raman spectroscopy.
Heteropolyacids are suitable acid catalysts for a wide variety of reactions in homogeneous phase offering a convenient alternative for efficient and cleaner processes when compared to the conventional mineral acids [1, 2] . In particular, heteropolyacids (HPAs), such as 12tungstophosphoric acid (H 3 PW 12 O 40 , HPW) and 12tungstosilicic acid (H 4 SiW 12 O 40 , STA) have attracted much attention because of their stable and strong acidity, high oxidation potential and redox characteristics, which enables these materials to play both as Brønsted acid and redox catalysts [2] [3] [4] [5] . However, HPAs suffer from two major drawbacks, namely, (i) very low surface area (< 10 m 2 g -1 ) in the solid phase, and (ii) high solubility in polar solvents. These problems may be overcome by immobilizing HPAs on high surface area supports like silica, zeolites, or mesoporous materials [6] .
Since the discovery of ordered mesoporous materials in the early 1990s [6, 7] , the MCM-41 materials have attracted considerable interest because of their high surface area, regular pore structure, specific pore volume and high thermal stability. Compared to zeolites, the regular structure of MCM-41materialsis amorphous, and all their characteristics make them suitable for many catalytic applications [8, 9] .The mesoporous materials are usually prepared by the hydrothermal method, which requires high temperatures and long periods of time [10] , which severely hampers their practical applications. For many applications, such as adsorbent or catalytic materials, it would be desirable to have more feasible methods to prepare silica MCM-41 in a shorter synthesis time. So far, MCM-41 materials prepared via the original hydrothermal method have been widely investigated [11] [12] [13] [14] [15] , while synthetic routes for MCM-41 materials involving less time consuming processes have been rarely reported in comparison to the vast literature published for the classical hydrothermal method.
Various methods had been explored for the synthesis of ordered mesoporous silica in shorter synthesis time, with preserving the good quality of the resulting materials [16, 17] . In this respect, the sol-gel method is considered to be an effective method for the synthesis of silica MCM-41that offers the advantage of reducing the crystallization time compared to the conventional method. For example, Voegtlin et al. [18] have prepared highly ordered MCM-41 at room temperature in one hour. However, the stability of the material above 600°C was lost. Melendez-Ortiz et al. [19] have synthesized MCM-41 at room temperature for 3h and obtained stable materials via this fast and reproducible method, without adding any additives. However, silica MCM-41 materials prepared by sol-gel condensation have some drawbacks as they require longer aging time and result in smaller surface area [20] . In contrast to these reports on room temperature syntheses that do not require specialized equipment, the method involving microwave irradiation offers the advantage of a reduced crystallization time [21] , although, most likely, it does not seem suitable for industrial scale production.
Recently, ultrasonic irradiation has been introduced for the synthesis of materials with unusual properties [22] [23] [24] . To reduce the synthesis time for economic benefits, the use of ultrasound irradiation is now a subject of growing interest for the preparation of a variety of nanostructured materials, due to the special acoustic cavitation effect [25] , which creates special stirring conditions, high local temperatures and high pressures in liquids and, eventually, it can increase the rates of chemical reactions. Hanu et al. [26] have investigated the effects of ultrasonic irradiation on the MCM-41 synthesis in acidic and basic conditions. The synthesis time of MCM-41materials was shortened to 1h, but the specific surface area of the resulting material was 731m 2 g -1 in basic environment, a lower value compared to 1320 m 2 g -1 in acid conditions. The pH of the synthesis solution has been previously observed to influence the physicochemical properties of MCM-41 materials [27] . Tang et al. [20] also reported the synthesis of mesoporous silica MCM-41 with hexagonal arrangement and narrow distribution of mesopore diameters via ultrasonic irradiation under basic environment; however, in synthesis they used sonication for 3.5hours, followed by aging, with and without heating, for 28h. The thickness of pore walls in their resulting materials was improved, but the specific surface area was modest: 835m 2 g -1 and 931m 2 g -1 . Run et al. [28] reported the synthesis of mesoporous molecular sieves with specific surface areas as high as 1100 m 2 g -1 , similar to MCM-41 obtained under acidic conditions, by ultrasonic irradiation for a short time of about 20 minutes, but after aging for 5 hours. Recently, Vetrivel el al. [29] reported the preparation of MCM-41 at room temperature after ultrasonic irradiation for 5 minutes. So far, this is the shortest synthesis time for MCM-41 materials and the resulting specific surface area is the largest, but the stability has not been characterized and the structure might hold to lower temperatures than that obtained by the conventional method due to a thinner estimated wall thickness of only 1.24 nm.
The use of ultrasonication has been extended to the synthesis of other mesoporous molecular sieves as well. Recently, Palani et al. achieved the synthesis of SBA-15 by a temperature-assisted ultrasonic method [30] . Lee et al. [31] also reported the synthesis of SBA-15 and Ti-SBA-15 molecular sieves with ultrasonic irradiation for 1 h, followed by gelation for 1-3 h.
The main advantage of the ultrasonic technique for the synthesis of mesoporous materials is the important reduction of the preparation time from 1 to 3 days to few or several hours. Moreover, the mesoporous materials obtained by ultrasonic irradiation have better thermal stability than the corresponding sol-gel materials [20] , which is attributed to the thicker walls of the mesoporous silica obtained by ultrasonic synthesis [22] . However, to the best of our knowledge, there are no reports of a systematic investigation of the influence of the sonication time on the characteristics of the resulting materials. Thus, the purpose of this work was to prepare highly ordered and thermally stable mesoporous MCM-41 materials under basic environment via ultrasonic irradiation, and to systematically investigate the effects of the synthesis sonication time on the structure and properties of the resulting materials. We have further used the synthesized mesoporous molecular sieves as supports to immobilize HPW for catalysis purposes.
Experimental part Materials
All chemicals, tetraethyl orthosilicate, TEOS (98%), cetyltrimethyl-ammonuim bromide (CTABr, 98%), 12tungstophosphoric acid (H 3 PW 12 O 40 •xH 2 O), ammonia solution (15.3 mol/L), ethanol (EtOH, 99.8 wt%), methanol (MtOH, 99.8 wt%)used for the synthesis of mesoporous molecular sieve supports and the HPW/MCM-41 catalysts were purchased from Sigma Aldrich. These chemicals were used without further purification.
Synthesis of MCM-41materials
MCM-41materials were prepared following two steps. The synthesis initially followed the procedure described in the literature [30] . In a typical synthesis, 1.555g (0.00426 mol) of cetyltrimethyl-ammonium bromide, CTMABr was dissolved in 12mL (0.1839 mol) ammonia solution diluted with 50mL of distilled water under stirring at room temperature to obtain a homogeneous solution. After complete dissolution, 12mL (0.2058 mol) of ethanol were added to the solution. Subsequently, 3.111 g (0.0149 mol) of TEOS were added drop wise into the solution under vigorous stirring.
The resulting solution was subjected to sonication using an ultrasonic generator (Sonicator HD 2200; Bandeline, MS 72, Germany), equipped with a converter/transducer and titanium oscillator (horn), 13 mm in diameter, operating at 20 kHz with a maximum power output of 200W for the desired time ranging from 15 to 60min, i.e. 15, 30 and 60 min. The ultrasonic generator automatically adjusts the power level. The wave amplitude in each experiment was adjusted accordingly. The molar composition of the reaction mixture was 1TEOS: 0.286 CTMABr: 13.8 EtOH: 12.3 NH 3 . The resulting precipitate was filtered, washed with demineralized water to pH=7, dried in an oven at 80°Covernightand then calcined in argon flow while heating at 3 °C min -1 from room temperature to 550 °C, then soaked at 550°C for 6 h in order to remove the surfactant. The resulting samples are denoted as MCM-41(x), where x represents the sonication time in minutes.
Preparation of HPW/MCM-41 catalysts
The HPW was supported on MCM-41 by the impregnation method. One gram of calcined MCM-41 was dispersed under stirring into a solution of the desired amount of HPW in 20 mL of methanol for 3h. After removing the methanol by evaporation, the sample was dried at 110 °C overnight in oven and subsequently calcined at 285 °C for 3h in air.
Characterization
A detailed physical and chemical characterization of the carriers and supported HPW was carried out by using different techniques: namely, nitrogen adsorptiondesorption isotherms, X-ray diffraction (XRD), Raman spectroscopy and DTG.
X-ray diffraction (XRD) patterns of samples were determined using a D8 ADVANCE Nova diffractometer. The patterns were obtained with copper radiation (Cu K α , λ=1.5406Å) with the second monochromator at 40kV and 40 mA, at a scanning speed of 2 o in 2θ/min. The samples were scanned from 1 to 70° (2θ) angle in steps of 0.02 o , with a count of 5s at each point. Thermogravimetric analysis (TG/DTG) of samples was performed using a Setaram Instrument LABSYS evo, which operates in the temperature interval from room temperature to 800°C, under flowing argon, at a heating rate of 5°C / min. The adsorption isotherms and the specific surface area (S BET ) of the various materials were determined from nitrogen adsorption isotherms collected at 77K using a Quantachrome Autosorb Automated Gas Sorption system. Before the measurement, each sample was degassed overnight at 573 K. Adsorbed nitrogen volumes were normalized to standard temperature and pressure. The Brunauer-Emmett-Teller (BET) method was used to calculate the multipoint BET surface area. The pore size distribution was derived from the desorption branches of the isotherms using the Barrett-Joyner-Halenda (BJH) method. The total pore volume, , was estimated from the amount adsorbed at a relative pressure of p/p 0 = 0.99. The Raman spectra of the samples were recorded on a confocal microscope Renishaw Raman type in Via Raman microscope using a laser radiating at 633 nm and the 10x microscope objective.
Results and discussions Nitrogen adsorption isotherms
The textural properties of the solids were measured by the N 2 adsorption-desorption isotherms method. The nitrogen adsorption-desorption isotherms of MCM-41(x), where x stands for the sonication time expressed in minutes, are shown, along with their pore size distributions, in figures 1 and 2. The corresponding structural properties of these samples, and those resulting after impregnation of HPW at different concentrations on MCM-41(30), depicted as y HPW/MCM-41 -where y stands for the HPW weight loading, are listed in table 1.
The isotherms for the MCM-41 samples are identified as type IV according to IUPAC nomenclature, indicating that the samples retain their hexagonal structure, preserving a relatively narrow pore size distribution after template removal. The BET surface areas and pore volumes of MCM-41(x) samples are in the range 1435-1538 m 2 g -1 and 0.91-1.03 cm 3 g -1 , respectively. The surface areas observed are significantly higher than those of conventional silica MCM-41. It has been reported that the ammonia-containing medium favors the formation of longer micelles [33] . This is likely the reason for the higher surface areas in the MCM-41(x) samples obtained by sonication compared to the sol-gel method. A rather small hysteresis was observed for the MCM-41 (30) and MCM-41(60) samples, indicating the presence of porosity also formed from the agglomeration of silica nanoparticles. On the other hand, Vetrive et al. [29] have synthesized silica MCM-41 with the surface area over 1662 m 2 g -1 , the pore volume over 0.89cm 3 g -1 , the pore size over 2.6 nm and the wall thickness over 1.24nm after ultrasonic irradiation for 5 min. According to their experimental results the surface areas have noticeably decreased, but the pore volumes and the pore sizes were affected by the increase of the duration of ultrasonic irradiation. In particular, the textural stability is increased when the time of the ultrasonic irradiation increased, but the wall thickness decreases below 1.22nm because the temperature of the sonication bath has risenafter 50 min, thus, it shows that relatively stable MCM-41 materials could be synthesized in the range of 20 min due to the larger resulting wall thickness. It is quite obvious that ultrasonic processing favors a thicker wall formation. Though acoustic cavitation etched the particles, resulting in a coarse outer surface, whereas the inside channels retained the hexagonal arrangement, the electron diffraction pattern shows higher order spots, which provide evidence that both the pore array and pore walls are highly ordered [29] . In our case, the synthesis time of the MCM-41(30) is relatively short; however, a highly ordered and stable mesostructure was obtained. It was previously reported that MCM-41 can be prepared in a few hours under ambient conditions, but few data regarding the stability of these materials had been presented [20, 34] .The pore wall thickness of MCM-41 (30) is larger than that of MCM-41(60). This is quite promising since high quality MCM-41 materials can be synthesized by a similar procedure, as well as in a shorter time than by the conventional method. Table 1 lists the textural properties of pure MCM-41 and the supported HPW/MCM-41. These properties include the d-spacing of the (100) diffraction in nm, (unit cell in nm), (BET surface area in m 2 g -1 ), pore volume in cm 3 g -1 , and the average pore diameter in nm.
The HPW containing samples show a sharp inflection in the adsorption condensation region, at relative pressure p / p o = 0.2 -0.4 . The BET surface area and the pore volume ofthe HPW/MCM-41 samples decreased from 1435 to 460m 2 g -1 and from 0.914 to 0.208m 3 g -1 , respectively, as the HPW loading increased from 0to 30% weight. However, the pore size distribution is centered from 2.19 to 2.41 nm, with larger pore diameters for lower HPW loading. In figure  3 we show the change in pore diameter and the pore volume as the HPW loading varies from 0 to 30% wt. It is evident that the pore volume and the specific surface area of the loaded sample are significantly lower compared to that of the pure MCM-41. The reduction in the pore volume and surface area after HPW loading is most likely due to the HPW deposited inside the channels as well-dispersed crystallites on the surface of the hexagonally ordered mesoporous MCM-41 support, consistent with the XRD results discussed below.
(210) reflections of the closed packed hexagonal arrangement of the porous structure, in agreement with previous reports [6, 7] . We should mention that the sample prepared using sonication for 15 minutes did not show ordered mesoporous structure in XRD, nor the specific type IV nitrogen adsorption isotherm. As seen in figure 4 , the sharp (100)peak appears at 2θ < 3, corresponding to interplanar spacing, d 100 of 3.53 and 3.27 nm for sonication times corresponding to 30and 60min, respectively. Other two extremely weak peaks,(110) and (200), indexed to the hexagonal unit cell, are present between 2θ values of 3 and 6.The XRD peak positions of the as-synthesized materials shifted to lower 2θ values when the synthesis sonication time increased from 30 to 60 min. After calcination, the peaks shifted to higher 2θ values due to pore size contraction during the thermal treatment. The intensities of the diffraction peaks increase significantly after calcination, which is likely related to the removal of the occluding surfactant molecules during the calcination process, resulting in the enhancement of the long range structural ordering [35] . This result demonstrated that the formation of highly ordered mesoporous silica analogous to hexagonal silica MCM-41 could be achieved in as little time as 30 min in basic environment with the aid of ultrasound irradiation without losing the integrity and stability of the pore structure of the final materials. The rapid formation of the mesostructure was attributed to the generation of localized hot spots at the surfactant-silicate interface caused by the application of ultrasonic irradiation, which accelerates the silica polymerization [32] . However, the ordered mesoporous structure was not observed after ultrasonic irradiation for 15min, which suggests that at least 30min were required for the formation of well-ordered MCM-41materials. Figure 5 (A) displays the XRD patterns of calcined samples exposing the MCM-41 structure, before and after incorporation of different weight percentage of HPW, namely10, 20 and 30%. The (100) reflection of the MCM-41is still observed after HPW loading, although the diffraction peaks become broader and weaker as the HPW loadings increases up to 30%. This suggests that the mesoporous structure of the MCM-41 is preserved upon HPW loading, but the long-range order is significantly perturbed.
From the interplanar spacing of the basal reflection (d 100 ) it was possible to obtain the lattice parameter ( ) for the hexagonal structure using the equation below [36] :
were the value of a o represents the sum of the pore diameter (D BJH ) and the silica wall-thickness (δ) :
The structural and textural data allowed us to obtaining d 100 ,
and δ values. These results are shown in table 1, indicating that impregnation of HPW caused significant modifications of the, and δ values and suggesting that HPW interacts with the inner MCM-41 pore surface. The δ values of the solids are 1.67 nm for the pristine MCM-41(30) and between 1.67 and 1.89 nm for HPW/MCM-41 catalysts, consistent with HPW localized on the inner pore surface and leading to a decrease in the pore diameter and an increased pore wall thickness, also suggesting good mechanical resistance. This assertion is consistent with previous reports indicating that solids with δ > 1nm have tetrahedra exposed at the pore surface, and thus, a good ability to withstand the load similar to macroscopic silica honeycombs with the same δ/ ratio [37]. Although the presence of HPW usually decreases the long-range order of MCM-41 [38, 39] , there is less discussion to explain this phenomenon. Despite the significant alteration of the long-range order of the MCM-41 structure observed in the presence of HPW, the heteropolyacid crystal phase could not be detected in the samples, indicating that, although at relatively high concentrations, HPW is finely dispersed on the MCM-41 support, most likely filling the pores of the mesoporous material. The proposed model is consistent with the perturbation of the long range order of the MCM-41 observed for the HPW/MCM-41 materials, since some of the pore opening may be occluded by small HPW particles with maximum sizes in the range of the pore diameters. It also consistent with the significant decrease in the BET surface area and pore volume as the HPW loading increases from 0 to 30wt%. Since the pore diameter of our MCM-41 support is below 3 nm and our XRD instrument cannot detect crystallites below 3 nm in size, it is likely that most of the HPW dispersed on the surface is located inside the pores. If HPW crystallites were on the outer surface of the support, they would have been able to nucleate and form large crystals visible in XRD, at least for the highest HPW loading, but this is not the case.
TG/DTG analysis The thermal stability of HPW and of the corresponding catalysts supported on MCM-41was investigated by TG/ DTG analysis. TG/DTG analyses provide information about the stability of the samples with respect to the loss of weight due to physical and/or chemical transformations, i.e. loss of water or thermal decomposition. The catalytic activity and structure of the heteropolyacids mainly depend upon their degree of hydration. The results for bulk and supported HPW are displayed in figure 6 . In agreement with previous reports [40, 41] , the TGA curve of the bulk HPW shows a 7.5% weight loss within the temperature range from 70 to 120 o C, which is associated with the loss of adsorbed water molecules. Further, it shows 3.5% weigh loss between 180 and 250 o C, due to the loss of crystallization water, and 1-1.5% weigh loss at temperature higher than 420 o C, attributed to the loss of constitutional water resulted from the decomposition of the Keggin anion ( fig. 6(a) . This thermal behavior observed for HPW is consistent with previous literature reports [41, 42] .
In the case of HPW supported on MCM-41, from the TGA thermal curves one can notice a slightly different behavior compared with the bulk HPW in the temperature range corresponding to the elimination of the adsorbed water ( fig. 6b ). The TGA of HPW/MCM-41 shows an initial weight loss of 2.5% at 90-150 o C, significantly smaller compared to the 7.5% observed for the bulk material in the similar temperature range. We should note that there is no weight loss in the temperature range corresponding to desorption of crystallization water (i.e. 180-250 o C), consistent with the absence of a crystalline HPW phase on the surface of our resulting catalysts observed from the XRD results, as discussed above. The second weight loss, consisting of 1.5% was observed at temperatures higher than 220 o C, corresponding to the loss of the constitutional water of the Keggin ion. The relatively higher temperature values for the desorption of the constitutional water molecules of the Keggin anions are likely due to the difficulty in removal of water contained in HPW molecules inside channels of MCM-41. However, the interaction between the Keggin structures and the MCM-41 silica wall may also play an important role in the thermal stability of HPW particles at the surface, as well as the pore diameter of the MCM-41 support through a pore curvature effect that has been previously reported to have significant influence on the stability of metallic clusters dispersed on the MCM-41 surface [43] . These results are consistent with those previously reported [44, 45] . Generally, the thermal stability of heteropolyacids loaded on different supports depends on the type of the support, the HPW loading and the conditions of their pretreatment [46, 47] .
Raman spectroscopy
The structural integrity of the Keggin unit was investigated by Raman spectroscopy, since the Kegging structures were very well characterized by this method [48] .
The Raman spectra of HPW and 30%HPW/MCM-41 are shown in figure 7 . We should mention that all HPW/MCM-41 samples showed similar Raman features, but with slightly different intensities. The Raman spectrum for bulk HPW shows bands at 1004, 991, 901, 544 and 215 cm -1 , which were assigned to symmetric (ν s ) and asymmetric In case of the 30%HPW/MCM-41 catalyst, the absence of significant band shifts in the spectra indicates that the environment of the Keggin unit is similar to that of the bulk HPW, which suggests a rather weak interaction between the dispersed HPW and the MCM-41 support.
Conclusions
We have demonstrated that the ultrasonic synthesis of MCM-41 can reduce the synthesis time from days to a few minutes. Ultrasonic irradiation is an easy way to control the synthesis conditions, and most importantly, the structural properties of the MCM-41 materials can be finely adjusted by varying the synthesis time. XRD, nitrogen adsorption-desorption isotherms and Raman spectroscopy show that Keggin ion structure of HPW formed inside the pore surface of molecular sieve and is stable after anchoring to MCM-41. Raman investigations suggest a rather weak interaction between the Keggin structure of the HPA and the surface silanol groups of MCM-41; however, as water desorption from the HPW supported on MCM-41, corroborated with the XRD results indicated a crystalline HPW does not form at the surface, an important effect of the pore radius of curvature on the stability and catalytic activity of the MCM-41 supported Keggin structures cannot be ruled out.
